Energy storage systems are becoming more important for load leveling, especially for widespread use of intermittent renewable energy. Compressed air energy storage (CAES) is one of the promising methods for energy storage, but large scale CAES are dependent on the suitable underground geology. Micro-CAES with man-made air vessel is a more adaptable solution for distributed future power networks. In this paper, energy and exergy analyses of the micro-CAES system are performed and to improve the efficiency of the system, some innovative ideas are introduced. The results shows that micro-CAES system could be a very effective system for distributed power networks as a combination of energy storage, generation with various heat sources, and air-cycle heating and cooling system, with a fairly good energy density and efficiency. Quasi-isothermal compression and expansion concepts result in the best exergy efficiencies.
INTRODUCTION
Interest in energy storage is now increasing, especially for matching intermittent renewable energy with customer demand as well as storing excess nuclear or thermal power during the daily cycle. Compressed air energy storage (CAES) is one of the promising methods for energy storage, with high efficiency and environmental friendliness. But the large scale CAES is dependent on the right combination of sites for air storage. Micro-CAES with manmade air vessel is a more adaptable solution, especially for distributed generation that could be widely applicable to future power networks.
In the case of the micro-CAES, it is possible to use the dissipated heat of compression for residential heating, which can contribute to improvements in the energy efficiencies. In addition, compressed air systems can be used for both power generation and cooling load. Energy and exergy analyses are performed to investigate the performances of several types of micro-CAES systems. In addition, to increase the efficiency of the systems, some innovative ideas, including new constant-pressure air storage, are introduced.
SYSTEM DESCRIPTION

Constant Pressure Air Storage
In general, both charging and discharging of the high-pressure vessel are unsteady state processes, where the pressure ratios are changing. These varying conditions can result in low efficiencies of compression and expansion due to the deviation from the designed points. In the case of the large scale of CAES plant, it is needed to either increase the volume of cavern to limit pressure variations, or, as shown in Fig 1, to utilise water column to maintain a constant pressure in the cavern, where water from a surface reservoir displaces the compressed air. But, in the case of micro-CAES with shallow depth of air vessel, it is impossible to produce such big pressure difference by water column. So urban CAES providing constant air pressure by pump instead of water column is proposed. But the disadvantage of the system is that the pump consumes about 15% of the generated power. In this paper, a new constant-pressure air storage is proposed to overcome the foregoing disadvantage. It is the combination of a constant-pressure air storage and a hydraulic energy storage, as shown in Fig 2. In the following analyses of the micro-CAES systems, it is assumed that the pressure ratios of compression and expansion are not changing due to this kind of constant-pressure air storage.
Configuration of the Studied System
It is possible to build several different types of micro-CAES system according to compression and expansion processes. In the case of the large-scale CAES plants, in order to increase the overall efficiency of the system, it is customary to perform multi-stage compression with intercooling and multi-stage expansion with reheating. But in the case of the micro-CAES system, it is very important to simplify the structure as much as possible while achieving a system with high efficiency. In order to increase the efficiency of the system, isothermal compression/expansion (Ericsson cycle) is more desirable than adiabatic processes (Brayton cycle). To achieve the quasi-isothermal compression, a large amount of atomized water is injected during the compression stroke to absorb the heat in Isoengine by Linnemann, C. and Coney, M.W. (2005) and liquid flooded compressor and expander was proposed in Ericsson cycle cooler by Hugenroth et al. (2006) . The water (or liquid) is discharged together with the compressed air, separated, cooled and recirculated. The energy of pressurized water can be recovered through a hydraulic motor to reduce energy consumption. The compressed air is cooled to ambient temperature through a cooler by water and stored in vessels. The hot water separated after compression and from the cooler can be used to satisfy a heating load.
Although in the process of expansion of CAES system, a heater (or combustor) to heat the compressed air is often implemented to get a higher power, it is not indispensable. If there is no heater before the expander, the expanding air can be used to supply a cooling load as in an air-cycle cooling system. In that case, to achieve quasi-isothermal expansion, as in the compression process, liquid can be injected into the expander, separated, used to supply a cooling load and pressurized by a pump for injection.
In the case of systems with a heater to preheat the expanding air, external heating of the expander or injection of hot liquid such as thermal oil can be used for achieving quasi-isothermal expansion and the expanded hot air transfers its heat to the compressed cool air in a recuperator as shown in Figure 5 . To achieve the quasi-isothermal expansion, a heated scroll expander was proposed by Y. M. Kim et al. (2005) , since the scroll expander can be fairly suitable for effective heating due to the high area-to-volume ratio of scroll geometry and its easy handling of two phase flow.
This study deals with the energetic and exergetic performance evaluation of eight types of micro-CAES systems according to the compression and expansion processes as mentioned above, and summarized in Table 1 . (1) mixer, (2) compressor, (3) separator, (4) hydraulic motor, (5), (6) and (7) heat exchanger, (8) high pressure vessel, (9) mixer, (10) expander, (11) separator, (13) pump, (12), (14) and (15) heat exchanger. 
ENERGY AND EXERGY ANALYSES
In order to study the energy and exergy analyses of the eight systems, several assumptions and inlet data are adopted as follows.
(a) Each compression and expansion process is assumed at steady state and with a steady flow by adoption of a constant-pressure air storage, with negligible potential and kinematic energy effects and no chemical or nuclear reaction.
(b) For the quasi-isothermal compression and expansion processes, it is assumed that the methods of liquid injection or the external heating using fuel, mentioned above, are used.
(c) For simplicity, all the heat exchangers, except for the recuperator (ε R = 0.95), including the cooler and heater are assumed to be ideally perfect, with ε = 1.0 and no pressure drop (ε, effectiveness of heat exchanger).
(d) The air pressure in the storage vessel is assumed to be constantly 5MPa by adoption of a constant-pressure air storage. The designed pressure ratios of the compressor and expander are 50, with the isentropic efficiencies of 85%.
Compressor and Expander Model
For the analyses of compression and expansion of gas containing liquid, the liquid flooded compressor and expander model by Hugenroth et al. (2006) was adopted. An ideal gas with a constant heat ratio of k that is undergoing a compression process in thermal equilibrium with an incompressible liquid having a constant specific heat behaves exactly like an ideal gas having a constant specific heat equal to * k . The effective ratio of specific heat of the mixture is
The temperature change for the gas during a reversible flooded compression process is found by substituting * k for k in the conventional isentropic relations for ideal gases, resulting in
where ideal o T , is the ideal outlet temperature for a flooded compressor or expander. The reversible work of the cooled ideal gas is the same as that for adiabatic reversible work of an ideal gas with * k substituted for k. The result is
where g w is the specific reversible work required to compress the gas that is in thermal equilibrium with a liquid and ratio P is the ratio of o P to i P . The reversible work required to pump the incompressible liquid, neglecting the relatively small impact of temperature changes on specific volume of the liquid, is ) (
The actual compressor and expander powers for the gas and liquid mixture are determined using an isentropic efficiency defined as, respectively
Energy Efficiencies
CAES system uses inputs in the form of electricity and in the form of fuel or other heat sources to heat the compressed air. In the case of micro-CAES system, it is possible to use the dissipated heat of compression for local heating demand and the cooling effect of expanding air without any fuel use for cooling demand. So, it is possible to define several efficiencies for the purposes in the system. In general, it is possible to calculate the net electrical storage efficiency of the CAES system by subtracting the amount of energy "generated" by the natural gas (or other fuels) from the electric output of the CAES system, as follows
Where p Qη is the electric energy which would be produced if the corresponding fuel consumed in CAES is burned in another power station ( Q is the lower calorific value of the fuel and p η is the efficiency of the base-load charging plant), and
, a thermal efficiency of the conventional power plant, is adopted.
The heating performance of CAES system with the dissipated heat of compression can be defined as
Where hc Q is the total dissipated heat of compression, which is the sum of c Q during compression and ac Q after compression. The cooling performance, heat extraction from the ambient air, of CAES system by the expanding air, without any fuel use, can be defined as
Where ce Q is the total heat extraction from the ambient air, which is the sum of e Q during expansion and ae Q after expansion. Although the operation of the CAES system with use of fuel is different from the conventional gas turbine (or other engines), for the comparison, the similar overall thermal efficiency can be defined as,
Exergy Analyses
The general exergy balance can be expressed in the rate form as
where + E & is the rate of exergy transfer to the system by heat, work, and mass, − E & is the rate of exergy transfer from the system, and L & is the rate of exergy destruction.
The exergy transfer to the system by heat,
The exergy transfer to the system by mass flow,
In the case of gas flow, ) (
where r is the specific gas constant.
In the case of liquid flow, neglecting volumetric change ( 0
where c is the specific heat, ρ is the average density of the liquid.
The exergy transfer from the system by mass flow,
In the case of the compression process of the gas and liquid mixture, the exergy balance is as follow
where
E & is the exergy transfer to the system by compression work,
is the exergy transfer from the system by air flow, and
is the exergy transfer from the system by liquid flow.
The exergy efficiency (Second Law efficiency) of the compressor can be defined as
After the compression of the air, it is cooled to the storage temperature through an after-cooler. The heat balance in the after-cooler is as follows
Once the mass flow rate of air, and inlet, outlet temperatures are known, Equation (24) can be used to determine the required mass flow rate of cooling water. The general exergy balance in the after-cooler can be expressed in the rate form as
The exergy efficiency of the after-cooler can be defined as
In the case of the expansion process of the gas and liquid mixture without any fuel use, the result is as follow
where − e E & is the exergy transfer from the system by expansion work,
is the exergy transfer to the system by air flow, and
is the exergy transfer to the system by liquid flow.
The exergy efficiency (Second Law efficiency) of the expander can be defined as
In the case of CAES system without any fuel use (or other heat source), given the only input as compression work, it is possible to use the expansion work ( 
In the case of the expansion process of the gas accompanied by heating with the use of fuel, it is assumed that the compressed air is externally heated. The system includes the regeneration and preheating processes. The exergy balance in the recuperator can be expressed in the rate form as
is the exergy transfer to the recuperator by the flow of exhaust hot air, and
is the exergy transfer from the recuperator by the flow of the compressed air. The exergy efficiency of the recuperator can be defined as
After the regeneration, the air is further heated through a pre-heater with use of fuel. The heat balance in the preheater is as follows ) (
The exergy balance in the pre-heater can be expressed in the rate form as
is the exergy transfer to the pre-heater by the fuel (exergy value of the fuel), and 
As mentioned before, the expansion process can be accompanied by external heating with the use of fuel for achieving a quasi-isothermal expansion process. The exergy balance in the expander can be expressed in the rate form as 
In the case of CAES system accompanied by heating with the use of fuel, given inputs as compression work and fuel, it is possible to use the expansion work ( 
RESULTS AND DISCUSSION
The results obtained from the energy and exergy analyses are summarized in Table 2 and 3, respectively. In the course of the analyses, the additional compression work due to liquid injected for achieving quasi-isothermal , and can be recovered by a hydraulic motor. And also, as in the case of expansion, the work to pump the liquid injected for achieving quasi-isothermal expansion was neglected, because the work is only a few percent of the gas expansion work and can be recovered by the expander. It was assumed that both compression and expansion efficiencies ( c η and e η defined in Eq. (6), (7)) are equal to 0.85.
From the energy balance, ideally, the total dissipated heat of compression before storage, hc Q , is equal to the compression work irrespective of the different types of compression processes. But, if it is assumed that the cooling fluid is heated to 80°C ( f o T , = 80°C), in the case of adiabatic compression, especially with 1 stage, the irreversibility during cooling the compressed air, ac L , is very large due to a high level of temperature at the end of compression process.
Similarly, the total heat extraction from the ambient air by expanding air without any fuel use, ce Q , is equal to the expansion work irrespective of the different types of expansion processes. But, in the case of adiabatic expansion, especially with 1 stage, the temperature of the air at the end of the expansion process is very low. If we do not fully utilize the low temperature of exergy, the irreversibility is very large. If we use it by heat transfer with a secondary fluid, the exergy loss is dependant on the outlet temperature of the cooled secondary fluid ( f o T , ). In the case of Type 1 in Table 3 , the exergy of the fluid cooled to -177°C is 131kJ/kg with no exergy loss, but to -30°C it is just only 19kJ/kg with a large exergy loss, that is similar to the case of Type 3 with 2-stages of adiabatic expansion.
In the case of CAES system with air heating to 700°C with the use of fuel, it is possible to produce more power than without any fuel use, although we can not use the cooling effect of the expanding air. In this study, the temperature of compressed air is limited to 700°C by external heating, but the rise in the temperature can lead to improvement in the energetic and exergetic performance of the system. 3 air storage, respectively, the best systems in this study, which show fairy good energy densities and efficiencies with the compressed air energy storage. 
CONCLUSIONS
This study presents the results of the energy and exergy analyses of the different types of micro-CAES systems as well as some innovative ideas for the high efficiency of the system. In the micro-CAES system, it is possible to use the dissipated heat of compression for heating load and the compressed air can be used for both power generation and cooling load.
For the high efficiency of the system, quasi-isothermal compression and expansion processes (Ericsson cycle) are more desirable than adiabatic processes (Brayton cycle), especially due to the high pressure ratio of the micro-CAES system. In the case of the systems with adiabatic processes, there are the larger exergy losses by heat transfer with the bigger temperature differences after the compression and expansion processes. But, the micro-CAES system, especially with quasi-isothermal compression and expansion processes, could be said to be very effective system for distributed power networks as a combination of energy storage, generation, and air-cycle heating and cooling system, with the fairly good energy densities and efficiencies. 
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